Abstract -In order to protect biodiversity, conservation genetics are of great importance. Until now, a few population genetic studies of Neotropical bumblebees are available but studies of temporal stability in genetic diversity are lacking. Here, genetic variability of three South Brazilian species Bombus bellicosus , B. pauloensis , and B. morio was investigated over time. Hereto, museum collection specimens of 1946 until 2012, from eight locations in Rio Grande do Sul, were genotyped at 16 microsatellite loci. During an additional sampling in the foraging season of 2015, no bumblebees could be collected possibly due to the super El Niño of 2015-2016. Our results on the collection specimens demonstrated a significantly higher genetic diversity in B. morio than in B. pauloensis . Genetic variability in B. pauloensis gradually and significantly decreased over time from 1946 until 2012; while in B. morio , genetic variability remained stable until the last time period (2010)(2011)(2012). For B. bellicosus , not enough data was available. Although the studied populations became more vulnerable over time, for the conservation of Neotropical bumblebees, still more information is needed and could include more frequent monitoring of bumblebees. Adding B. bellicosus to the Brazilian list of threatened species is suggested. genetic diversity / microsatellites / Bombus / temporal stability / Rio Grande do Sul
INTRODUCTION
Many studies in Europe and North America investigated the genetic variability in populations of declining and contemporary stable bumblebee (Bombus ) species, and observed a lower genetic diversity in the populations of the declining species Ellis et al. 2006; Goulson et al. 2008; Charman et al. 2010; Cameron et al. 2011 ). The difference is supposed to be directly or indirectly caused by the combined impact of the different drivers of bee decline, such as loss of food resources, pesticide use, climate change, pathogen spill-over, and landscape modifications (e.g., Potts et al. 2010 Potts et al. , 2015 Carvalheiro et al. 2013; Goulson et al. 2015) . In the Neotropical region, the main threats are the loss of habitat due to deforestation with the continuous process of urbanization and agricultural development, and the introduction of exotic species (Freitas et al. 2009; Martins et al. 2013; Schmid-Hempel et al. 2014) . In Chile and Argentina, populations of B. dahlbomii (Guérin-Meneville 1835) showed a fast decline in consequence of the introduction of the exotic species, B. terrestris (Linnaeus 1758) and B. ruderatus (Fabricius 1775), and of the Electronic supplementary material The online version of this article (https://doi.org/10.1007/s13592-018-0567-1) contains supplementary material, which is available to authorized users. impact of their hitchhiking parasites (Arbetman et al. 2013; Schmid-Hempel et al. 2014) .
Bumblebee populations which are affected by these drivers, may become small and isolated (Reed and Frankham 2003; Frankham 2005; Zayed 2009 ). Small populations will possess lower genetic diversity levels due to the impact of genetic drift and reduced gene flow, which in turn will reduce their potential to adapt to current and future changes in the environment (Frankham 2005; Zayed 2009; Habel et al. 2014) . Furthermore, inbreeding and inbreeding depression will increase in isolated populations due to the reduced gene flow and increased change of brother-sister matings (Frankham 2005; Zayed 2009; Habel et al. 2014) .
Recently, this general hypothesis came under debate as multiple studies revealed similar differences of genetic diversity between declining and stable bumblebee species determined only in historical populations (for North America, Lozier et al. 2011; in Europe, Maebe et al. 2015) , and by comparing both historical and recent populations (in North America, Lozier and Cameron 2009; and in Europe, Maebe et al. 2016) . Furthermore, the latter two studies showed, in contrast with the general hypothesis, no reduction of genetic diversity over time (Lozier and Cameron 2009; Maebe et al. 2016) . Even more, the difference in genetic diversity between species was already present before the alleged recent drivers of bumblebee decline could have acted (for Europe, this is generally accepted to have started around the 1950s; Maebe et al. 2016) . The lower genetic variability in populations of declining species may be due to past population dynamics, such as the occurrences of bottlenecks during glacial oscillations (Lecocq et al. 2013) , while the temporal stability of the reduced genetic diversity could then be maintained by countering drift effects by dispersal (as discussed in Maebe et al. 2016) . Furthermore, as genetically pauperized bumblebees are more vulnerable, for instance more susceptible to diseases Whitehorn et al. 2011) , it is essential to determine the genetic variation patterns in bumblebees. This knowledge will allow us to make and improve conservation strategies, and further secure the pollination services of wild bumblebees (Goulson et al. 2008; Zayed 2009; Maebe et al. 2016) .
Here, we performed a genetic study on the populations of the three native bumblebee species of the Rio Grande do Sul State, South Brazil. The genetic diversity of the declining species, B. bellicosus (Smith 1879), and that of the two more abundant species, B. pauloensis (Friese 1913) and B. morio (Swederus 1787), was determined through time from 1946 to 2012 using museum collection material. An additional sampling attempt during the foraging season of 2015 was conducted to be able to compare historical with recent genetic diversity levels. Our sampling design allowed us to search if temporal changes in genetic diversity also occur in South America, and in turn gain knowledge on which species may need special attention and future conservation measures.
MATERIAL AND METHODS

Study species
In Southern Brazil, where climate is predominantly moist subtropical, three species are mainly found: B. bellicosus , B. morio , and B. pauloensis (Cameron et al. 2007; Martins and Melo 2010; De Paula and Melo 2015) . A fourth species native to South Brazil, B. brasiliensis (Lepeletier 1836) is not included in this study because it is a very rare species with only a few records in this area (Abramovich et al. 2004) . B. bellicosus has the most limited distribution in South America, being present only in Uruguay, Southern Brazil, and most of Argentina (Abrahamovich et al. 2001 ). The two other species, B. pauloensis , formerly named B. atratus (Franklin 1913) (Moure and Melo 2012) , and B. morio , are widespread in South America, with their distribution ranging from north-western South America to southeastern Brazil, Uruguay, until central Argentina (Abrahamovich et al. 2004 ). In Brazil, B. bellicosus occurs in sympatry with B. pauloensis and B. morio in most regions of its distribution (Moure and Sakagami 1962; Françoso and Arias 2012) . This species reaches its northern limit in the Paraná state (Brazil), where it was relatively abundant until the early 1980s, but it is now assumed to be locally extinct there (Martins and Melo 2010; Martins et al. 2015) . Hence, 50 years ago, B. bellicosus outnumbered B. pauloensis and B. morio at some places, but nowadays B. pauloensis is generally the most abundant and widely distributed species, having a higher climatic and altitudinal tolerance and a broader distribution (Abrahamovich et al. 2004; Martins and Melo 2010) .
Sampling
Specimens of the three species were obtained from multiple Brazilian collections. Most historical material was gathered from the entomological (Hymenoptera) collection of the Museum of Science and Technology at Pontifícia Universidade Católica do Rio Grande do Sul (PUCRS). Additional specimens were sampled from the entomological collection at Museu de Ciências Naturais da Fundação Zoobotânica do Rio Grande do Sul (curator-Aline Barcellos), from the entomological collection at UNISC in Santa Cruz do Sul (curator-Andreas Köhler) and the private collection of Mardiore Pinheiro (collaborator of Prof. Blochtein). Four time periods with enough specimens and/or multiple locations were selected : 1946-1959, 1991-1994, 1999-2004, and 2010-2012 . Sampled locations were Esmeralda (Esm), Candiota (Can), Guarani das Missões (GdM), and Santa Cruz do Sul (SCdS). As bumblebee annual dispersal distance can range up to 50 km (SchmidHempel et al. 2007) , samples from locations in the close proximity and within the same time frame were grouped together. This resulted in the grouped locations of Cambará do Sul (Cam) and Torres (Tor) as one location-CATO. Hence, locations Osório (Oso) and Capão da Canoa (CdC) as OSCA, and Porto Alegre (PA) with Viamão (Via), and Guaíba (Gua) as POA ( Figure 1 and Table I ). In order to collect recent bumblebee specimens, several field trips were performed across the state from the end of October until the end of December 2015 (Supplementary Table 1 ). To allow comparison of bumblebee-populations over time, sampling locations for current specimens were deduced from the most sampled collection locations.
DNA extraction
From collected specimens, one middle leg was used for DNA extraction. Individual DNA extraction was performed with a Chelex DNA extraction protocol as described in Maebe et al. (2015) . The DNA extractions were stored in microcentrifuge tubes and frozen at -20°C for their later use.
Microsatellite protocol
Individual specimens were genotyped with 16 microsatellite (MS) loci which were originally developed for European bumblebee species. These 16 MS loci gave reliable signals in previous research using bumblebee museum samples (Maebe et al. 2015 (Maebe et al. , 2016 : BL13, BT02, BT23, BT24, BL02, BT04, BT05, BT08, and BT10 (Reber-Funk et al. 2006 ); B100, B11, B126, and B132 (Estoup et al. 1993) ; and 0294, 0304, and 0810 (Stolle et al. 2011; Supplementary Table 2) . MS were amplified by multiplex PCR in 10 μl using the Type-it QIAGEN PCR kit. Each reaction contained 1.33 μl template DNA, Type-it Multiplex PCR Master Mix (2×, Qiagen), and the forward and reverse primer of four MS loci for each of four multiplex mixes (Supplementary  Table 2 ) which were already successfully established by Maebe et al. (2016) . The PCR protocol, and capillary electrophoreses on an ABI-3730xl sequencer (Applied Biosystems), was performed with the method as described in Maebe et al. (2013) . The fragments were examined and scored manually using Peak Scanner Software v 2.0 (Applied Biosystems).
Data analysis
Due to some extra validation steps, described in Maebe et al. (2015) , several genotyped individuals were excluded prior to data analyses. These validation steps included removal of specimens which could not be scored in a reliable manner for at least 10 loci, and exclusion of identified sisters with the programs Colony 2.0 (Wang 2004) employing corrections for genotyping errors (5% per locus), and by the 2-allele algorithm and consensus method implemented in Kinanalyzer (Ashley et al. 2009 ). Hence, genotypic linkage disequilibrium was tested using the program Fstat 2.9.3 (Goudet 2001) , deviations from Hardy-Weinberg equilibrium (HW) with GenAlEx 6.5 (Peakall and Smouse 2006) , and evidence of null alleles with Microchecker (Van Oosterhout et al. 2004) .
Genetic diversity of each population was determined based on Nei's unbiased expected heterozygosity (H E ) and observed heterozygosity (H O ) (Nei 1978) performed with the program GenAlEx 6.5 (Peakall and Smouse 2006) , and the sample size-corrected private allelic richness (A R ) estim a t e d wi t h th e p ro g r a m H p -R a r e 1 . 1 (Kalinowski 2002) . The latter parameter was calculated and normalized to a population of 10 diploid specimens. In order to detect a change in genetic diversity through time, we conducted linear mixed models (LMMs) in RStudio (R Development Core Team 2008) with R package lme4 version 1.1-10 ( Bates et al. 2015) . LMMs were performed for each species and both genetic diversity parameters (A R and H E ) separately. Models started with location and time period as fixed factors and microsatellite loci as random factor. The latter was chosen to account for interlocus variability, as is performed in Soro et al. (2017) . With the dredge command within the MUMIn package, we selected the model that best fitted the pattern in genetic diversity based on Akaike's Information Criterion (AIC) (Barton 2015; Maebe et al. 2016) . Then, the selected LMMs were run in RStudio with R package lme4 version 1.1-10 ( Bates et al. 2015) following the guidelines of a free available tutorial (http://popgen.nescent.org/LMM-Genetic-Diversity.html) at popgen.nescent.org, an online community resource which gives guidance and tutorials for population genetic analyses in R (Kamvar et al. 2017) . By performing likelihood ratio tests (LTR), in which we compared the selected model including all factors to a null model without these factors, we analyzed the main effect of the factor of interest (see tutorial; Soro et al. 2017) . Furthermore, we computed the variance of location and/or time period alone vs the variance for loci variability, as the marginal and conditional coefficient of determination, respectively (see tutorial; Nakagawa and Schielzeth 2013; Soro et al. 2017 ). Temporal changes in genetic variability in three bumblebee species from Rio Grande do Sul, South Brazil Finally, by Tukey HSD post hoc comparisons using the R package multcomp (Hothorn et al. 2008) , we searched for differences in genetic diversity between locations and/or time periods (see tutorial; Soro et al. 2017) .
Population structure within each Bombus species was inferred, based on two different Bayesian clustering methods. The R package, Geneland 4.0.6 (Guillot et al. 2005 ) was used to estimate the number of groups by including the coordinates of each sample in the model. A spatial model with correlated allele frequency and null allele correction was run with K = 1 to K = 7 (maximum seven locations for a species) with 1,000,000 iterations, 100 thinning, and 1000 burn-in. The uncertainty of coordinates was set to 0.1 because the exact location of some specimens was not certain, while all other parameters were set as default.
The software Structure v. 2.3.3 (Pritchard et al. 2000) was used to perform a Bayesian approach to determine the number of populations in each species' dataset separately. In this analysis, the number of populations (K ) was estimated from 1 to 10 for both B. morio and B. pauloensis , and from 1 to 5 for B. bellicosus . Each K -value was calculated with a burn-in of 250,000 iterations and 750,000 MCMC data collecting steps, and was repeated nine times. The open-source program Structure Harvester v. 0.6.93 (Earl and vonHoldt 2012) was used to determine the best value of K (Evanno et al. 2005) , and the program Distruct v.1.1 (Rosenberg 2004 ) was used for graphical visualization of the population structure.
RESULTS
Sampling of recent Bombus specimens
Despite our survey efforts, no bumblebees could be collected in Rio Grande do Sul State, Brazil, during the 2015 foraging season (Supplementary Table 1 ). Thus, all genetic analysis consists only out of 265 specimens originated from the Brazilian museum collections. Based on the Colony 2.0 and Kinalyzer analyses, 66 specimens were identified as full sibs and removed from our dataset (Table I) . Of the 16 microsatellites, only two loci (BT08 and 0294) were difficult to amplify and score reliably in B. morio . These loci were excluded from all further analyses for all three species to keep comparison of genetic parameters based on the same MS loci. Furthermore, 13 specimens which showed missing data at more than 5 out of 14 loci were also excluded (Table I) . No significant linkage disequilibrium between loci were detected. Testing for genotype frequencies against HardyWeinberg equilibrium (HWE) expectations displayed several loci with heterozygote deficits (Supplementary Table 3 ) that may be due to the subpopulation structuring (=Wahlund effect ; Wahlund 1928) or the presence of null alleles. However, only very low frequencies of null alleles (< 5%) were detected in these MS loci.
Population genetic diversity
For B. pauloensis , the allelic richness ranged from 2.017 to 2.842, with a mean A R of 2.313 (Table II) 
Changes in genetic diversity over time
By comparing the AIC scores of the different LMM models, best models in both species and for both genetic diversity parameters included time period as the only fixed factor (delta > 2; and Figure 2 ). The importance of time period on A R and H E can also be seen in B. pauloensis when comparing the models with and without time period as a fixed factor (LRT, A R , and H E : χ 2 = 26.297, d.f. = 3, p < 0.001; and χ 2 = 31.360, d.f. = 3, p < 0.001, respectively) ( Table III) . The marginal R 2 accounted for time period was 4.7% for A R , and 6.7% for H E , while the conditional R 2 was much higher with 77.6 and 73.8%, respectively (Nakagawa and Schielzeth 2013). The latter clearly showed the importance of taking inter-locus variability into account when performing LMM (as is discussed in Soro et al. 2017 ). In B. pauloensis , A R decreased for 26.65% over time (Table II and Table IV) , and of 17.3% (Table II and Table IV) .
Genetic structure
The Ge neland analysis gro upe d th e B. pauloensis populations into three clusters (K = 3), while B. morio populations were structured into four clusters (K = 4) (Figure 3 PoA (of 1946 PoA (of -1959 PoA (of and 1991 PoA (of -1994 were grouped in cluster 3. For B. morio , the recent populations of GdM and PoA of 2010-2012 were grouped in cluster 1. Older populations (CaTo, OsCa both of 1991 -1994 , and PoA of 1946 -1959 were grouped together in cluster 2, while populations of SCdS (1999-2004 and 2010-2012) and the populations of PoA (1999-2004 and 2010-2012) were grouped in clusters 3 and 4, respectively.
For B. pauloensis , the Evanno method identified ΔK = 2, which is the best value of K (or number of populations) that fitted our data (Supplementary Table 4 ; Supplementary Fig. 1 ). Although for both B. morio and B. bellicosus , the Table 4 ; Supplementary Fig. 1 ), we adapted the best Kvalue for B. bellicosus to K = 1. This change in final K -value is based on two reasons: (i) the Evanno method does not calculate, ΔK = 1, and (ii) in Structure, when ΔK = 2, each specimen of B. bellicosus belongs for ± 50% to both groups (Figure 4 ). In general, these structuring results showed temporal clustering of populations in B. pauloensis and in a lower degree also in B. morio .
DISCUSSION
The objective of this study was to investigate the temporal stability of genetic diversity in three South Brazilian bumblebee species: in B. bellicosus , of which local extinction has been reported in literature (Martins and Melo 2010; Martins et al. 2015) , and compared in to two more stable bumblebee species occurring in the same region, B. pauloensis and B. morio . For the latter two species, our results based on collection material clearly showed temporal instability in genetic 1991-1994)-(1946-1959) 0.148 0.185 0.801 0.852 (1999-2004)-(1946-1959) 0.374 0.185 2.026 0.175 (2010-2012)-(1946-1959) 0.314 0.174 1.802 0.268 (1999-2004)-(1991-1994) 0.226 0.151 1.500 0.433 (2010-2012)-(1991-1994) 0 1991-1994)-(1946-1959) 0.077 0.054 1.428 0.477 (1999-2004)-(1946-1959) 0.062 0.054 1.144 0.659 (2010-2012)-(1946-1959) − 0.051 0.051 − 0.995 0.749 (1999-2004)-(1991-1994) − 0.015 0.044 − 0.348 0.985 (2010-2012)-(1991-1994 2010-2012 (19.2%), and between 1999-2004 and 2010-2012 (17.3% ; Table II and Figure 2 ). The structuring results showed also a temporal clustering of populations in B. pauloensis around 1991-1994 and 1999-2004 , and also in a lower degree in the populations of B. morio (Figures 3  and 4) . These results are in contrast with the results on temporal stability of genetic diversity observed in multiple bumblebee species of Europe and North America (Maebe et al. 2016; Lozier and Cameron 2009) . Although still very speculative, we hypothesize here that temporal differences in land-use practices between these continents, such as the long history of deforestation in Europe vs the more recent strong deforestation in South America (Hansen et al. 2013) , could have caused the difference in temporal stability of genetic diversity in these bumblebee populations. However, further research will be needed to test this hypothesis.
In B. morio , the genetic variability was higher than in B. pauloensis (for A R , 2.830 vs 2.313 and for H E , 0.609 vs and 0.458, respectively; Table II ). Although comparison of results from different studies should be treated with caution due to the use of different loci, the observed values of genetic diversity for B. morio obtained here were similar to those described by Francisco et al. (2015) (H E 0.558-0.745 vs 0.530-0.708; A R 3.73-4.85 vs 2.580-3.180; Francisco et al. (2015) vs this study, respectively). In addition to a high genetic diversity, Francisco et al. (2015) also found a low genetic divergence between distant B. morio populations. Their results suggested no effect of long-term isolation on population viability possibly due to a high dispersal ability and capacity to survive in urban environments and highly fragmented landscapes. However, our results showed recent losses of genetic diversity and population structuring, indicating some impact on population viability.
For B. pauloensis , our results demonstrated a gradual decrease of genetic diversity since the 1950s. Although B. pauloensis is supposed to be a stable species (Martins and Melo 2010) , these results seem to indicate that B. pauloensis populations are becoming more vulnerable. Although further research is needed to confirm this result, it should be taken into account in future conservation strategies. If genetic diversity would decrease further, and populations become more isolated, this species might become sensitive to local extinction due to an increased vulnerability to changes and stressors in the environment, and susceptibility to diseases and pathogens (Whitehorn et al. 2011; Zayed 2009; Cameron et al. 2011) .
For the declining species B. bellicosus , not all genetic parameters could be calculated due its scarcity numbers in the collections, compared to the other two species. The underrepresentation of this species in the collections could be due to its rarity in nature or may be an extra indication for its disappearance in South Brazil as described in recent literature (e.g., Martins and Melo 2010; Martins et al. 2015) which in a way represents a major loss of genetic diversity.
Unfortunately, during the 2015 foraging season, no bumblebees could be collected in the Southern Brazilian state Rio Grande do Sul. Although their absence could be part of the worldwide bee decline (e.g., Potts et al. 2010 Potts et al. , 2015 Carvalheiro et al. 2013) , there is here also an alternative explanation, namely, the Bsuper^El Niño of 2015-2016. The region encountered frequent storm systems with rainfall averaged 100-250% above normal (NOAA/NWS/NCEP Climate Prediction Center 2015; Weather underground 2016; Supplementary Fig. 2 and Supplementary Fig. 3 ). Although the effect of the impact of El Niño on bees in literature is mixed (Wcislo and Tierney 2009 ), a study in Northwestern Costa Rica showed that the previous Bsuper^El Niño in 1997-1999 caused a decline of large bees (Frankie et al. 2005) . It also had great negative effects on vegetation, and caused a reduction or flowering delay in some of these bees' key resources for building and provisioning of their nests which probably caused their decline (Frankie et al. 2005) .
Here, without the extra recent specimens, we performed the best possible sampling and setup considering the difficulties when using and genotyping collection material. But still, the sampling size is rather small. Although this could limit the strength of some of our results, which is especially the case for B. morio , we were still able to make some clear conclusions regarding the temporal instability of genetic diversity within the populations of these bumblebee species in Rio Grande do Sul. For the accurate conservation of bumblebee species in the tropical and subtropical regions, it will be important to assemble more information on changes in genetic diversity and to assess the possible link with environmental influences such as deforestation. Furthermore, monitoring bumblebee species should be performed in a frequent basis (e.g., at least every 2 years) and species like B. bellicosus should be added to future editions of the Brazilian list of threatened animal species. acknowledge the curators of the several Brazilian bumblebee collections: Aline Barcellos (entomological collection at Museu de Ciências Naturais da Fundação Zoobotânica do Rio Grande do Sul), Andreas Köhler (the entomological collection at UNISC in Santa Cruz do Sul), and Mardiore Pinheiro (private collection). Finally, we thank three anonymous reviewers whose constructive remarks helped us to improve this manuscript.
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